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Abstract
In an effort to eliminate the intrinsic noise sources that contained within the superconducting qubit circuits, we
successfully fabricate superconducting flux qubit circuits (rf SQUID) with full epitaxially grown NbN/AlN/NbN
tunnel junctions. The temperature dependent of magnetic flux shift has been investigated by using a NbN/AlN/NbN 
dc SQUID magnetometer in the temperature range from 20 mK to 2.5 K. Our results show that the shift of the
magnetic flux is in the level of ~ 1 mF 0 during the experiment.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes.
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1. Experiment
Superconducting qubit based on Josephson junction has long been considered as the promising
candidate for implementation of quantum information and computation (QIC) [1-3]. However, the
intrinsic noise in superconducting qubit circuit (SQC) can destroy the quantum state in qubit thus limits
the performance of the superconducting qubit in the practical QIC application. The main challenge now is
to reduce such noise induced decoherence and increase the qubit coherence time. While recent evidence
[4-8] has suggested that the noise originates in the amorphous oxide material of junction tunnel barrier, or 
at the interface of superconducting thin film and oxide substrate, or arises from the local impurities at the 
interface of the superconductor and dielectric insulator of the SQC, the exact origin of the noise in
Josephson junction is yet certain. For the typical superconducting qubit fabrication process in laboratory, 
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oxide materials have been widely used to form the junction tunnel barrier in Nb-, Al- based Josephson 
junction. However, the amorphous oxide materials can contain large density of defects. The purpose of 
this work was to eliminate the noise mechanism from the defects inside the junction (both the
superconducting and the barrier materials) by fabricating full epitaxially grown junctions in SQCs.
1.1. Sample preparation
The device was fabricated on 0.4 mm thick single-crystal MgO (100) substrate. The NbN/AlN/NbN
trilayers were deposited by reactive dc-magnetron sputtering and partly using rf sputtering in a load-
locked sputtering system. The base pressure of the sputtering chamber is about 2x10-5 Pa. The AlN barrier 
was formed in high purity N2 gas with total pressure of ~ 2 mTorr. The barrier thickness was precisely
controlled by sputtering time at the deposition rate of ~ 3 nm/min [9, 10]. The crystalline nature of NbN 
film served for both base-electrode and counter-electrode is clearly evidenced by HRTEM and by the Fast 
Fourier Transform (FFT) diffraction patterns in Fig. 1(b). Considering the thickness of the AlN film is of 
1~2 nm, it would be difficult to directly observe the film crystalline. However, FFT patterns of both
electrodes already provide strong evidence of the complete epitaxial feature of the junction.
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Fig. 1 (a).  Schematic drawing of the Josephson junction circuit cross-section. (i) Blue color: NbN; (ii) Red color: AlN barrier. The 
cross section of the junction is highlighted by a white frame. (b) The HRTEM image of the junction cross section shows the 
NbN/AlN/NbN trilayer interface. The FFT diffraction patterns of both base-electrode and counter-electrode confirm the epitaxial 
growth of NbN film. The AlN is about 2 nm thick.
1.2. Device characterization
The sample was mounted on an Au plated oxygen free copper block, which was thermally attached to
the bottom of the mixing chamber of a top loading Oxford dilution refrigerator with an effective base
temperature of 20 mK. The dilution refrigerator was installed in an air-flow vibration free stage dewar
with double u-metal cylinders that surround to form the magnetic shields. All electronics are heavily
filtered through a home-made Cu powder filter mounted on the mixing chamber and a low pass filter
(LPF) mounted on the 1K- pot (Fig. 2).
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Fig. 2.  A schematic drawing of a qubit measurement system.
To examine the junction quality and the most import, the junction critical current density, we measured 
the junction current-voltage characteristic of a total of 9 test single junctions with junction areas from
1.54 μm2 to 555.72 μm2. All junctions show a uniform high gap voltage with Vg of 5.64±0.03 mV. A
summary of the test junctions is given in Table 1. The junction critical current density of Jc=100 A/cm2 is
obtained from the junction maximum supercurrent to the junction area 0I A−  relation, which matches
our target Jc value.
Table 1. List of the test single junctions on the same chip of qubit circuit.
1.3. Qubit signal readout
The qubit circuit consists of a rf SQUID with a inductively coupled dc SQUID magnetometer in
adjacent (Fig 3). The junction size in dc SQUID is about 1.26 μm. On chip superconducting flux coils
were to apply magnetic flux modulation to qubit and dc SQUID respectively. The purpose of such special
design was to reduce the crosstalk between on-chip flux coils [11].
To measure the qubit, we measured the switching current distribution of the dc SQUID magnetometer
applying a tri-angular arbitrary waveform from an arbitrary waveform generator. When the qubit was flux 
biased by an on-chip superconducting coil Fx close its symmetric point at 0.5 F0, the qubit was near its
degeneracy point [11]. The circulating current will flow in the opposite direction in the superconducting 
Device Junction
area (μm2)
Ic (μA) Rn (Ohm) Ic*Rn (mV) Vg (mV)
J25 555.72 555.4 6.0 3.32 5.62
J16 216.42 225.5 18.6 4.20 5.62
J12 124.69 132.7 31.3 4.16 5.61
J8 58.09 59.2 69.8 4.13 5.62
J3.6 13.85 13.1 313.9 4.12 5.62
J2.5 7.55 7.8 542.8 4.23 5.62
J1.6 3.80 3.11 1302.4 4.05 5.65
J1.13 2.35 1.74 2321.6 4.05 5.65
J0.8 1.54 0.99 4044.9 4.02 5.66
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ring once the qubit change its state. The flux change induced by this action can be detected via the dc
SQUID magnetometer, result in the dc SQUID switches to the running state at different values. A
successful detection of qubit switches between its two base states is giving in Fig 3 (b), where a
continuous flux bias was applied to the qubit via Fx coil.
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Fig. 3 (a). SEM image of qubit circuit with clockwise and anti-clockwise circulation currents in the qubit represent two qubit states. 
(b) An illustration of qubit signal read out by an inductively coupled dc SQUID magnetometer with the mutual inductance of 2.29 
pH.
1.4. Magnetic flux shift
Motivated by recent argument of temperature dependent of magnetic flux shift induced from the strong 
local defects spin interactions [6,12,13], we examine the magnetic flux shift in an dc SQUID
magnetometer at various temperatures ranged from 20 mK to 2.5 K. A residual magnetic field of 150 nT 
was enclosed in the dc SQUID loop during the device cool down (Fig 4(a)). By measuring the dc SQUID 
transfer function, we found that the magnetic flux shrift of this residual magnetic field is at the level of 1 
mF0 and show no significant temperature dependent [6, 13] (Fig 4(b)).
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Fig. 4 (a). Transfer functions of dc SQUID magnetometer at four temperatures. (b) The magnetic flux shift extracted from dc 
SQUID transfer function at four temperatures.
2. Conclusion
We report a successful fabrication of superconducting flux qubit circuit using full epitaxially grown 
NbN/AlN/NbN junctions. In addition, we examine the magnetic flux shift using a dc SQUID
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magnetometer with residual magnetic of 150 nT. Our results show that the magnetic flux shift is
temperature independent over the temperature range of 2.5 K to 20 mK.
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